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The 2011 off the Paciﬁc coast of Tohoku Earthquake occurred at the plate boundary between the Paciﬁc plate
and the landward plate on March 11, 2011, and had a magnitude of 9. Many aftershocks occurred following
the mainshock. Obtaining a precise aftershock distribution is important for understanding the mechanism of
earthquake generation. In order to study the aftershock activity of this event, we carried out extensive sea-
ﬂoor aftershock observations using more than 100 ocean-bottom seismometers just after the mainshock. A
precise aftershock distribution for approximately three months over the whole source area was obtained from
the observations. The aftershocks form a plane dipping landward over the whole area, nevertheless the epicenter
distribution is not uniform. Comparing seismic velocity structures, there is no aftershock along the plate boundary
where a large slip during the mainshock is estimated. Activity of aftershocks in the landward plate in the source
region was high and normal fault-type, and strike-slip-type, mechanisms are dominant. Within the subducting
oceanic plate, most earthquakes have also a normal fault-type, or strike-slip-type, mechanism. The stress ﬁelds
in and around the source region change as a result of the mainshock.
Key words: The 2011 off the Paciﬁc coast of Tohoku Earthquake, aftershock, focal mechanism, seismicity,
ocean-bottom seismometer (OBS).
1. Introduction
The 2011 off the Paciﬁc coast of Tohoku Earthquake is
one of the largest earthquakes to have occurred near the
Japan islands in the historical record. The Japan Meteo-
rological Agency (JMA) reported that the epicenter was po-
sitioned off Miyagi and the magnitude of the earthquake
reached 9.0. Because the focal mechanism of the main-
shock relates to the relative motion of the subducting Pa-
ciﬁc plate and the overriding landward plate, the 2011 earth-
quake occurred at the plate boundary between the sub-
ducting Paciﬁc plate and the landward plate (e.g. Nettles
et al., 2011). Teleseismic data from the mainshock re-
vealed that the source region of the earthquake spread over
a width of approximately 500 km (e.g. Yagi and Fukahata,
2011). In the source region of the mainshock, several large
earthquakes having a magnitude greater than 7 occurred,
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and the source regions of these earthquakes were obtained
(Yamanaka and Kikuchi, 2004). However, the magnitude of
the 2011 earthquake was larger than those of previous large
earthquakes and the source region of the mainshock seems
to contain those of the previous earthquakes.
Relating to the large magnitude of the mainshock, a large
slip, greater than 20 m, is estimated near the hypocenter
from various geophysical data (e.g. Ozawa et al., 2011;
Yagi and Fukahata, 2011). A large tsunami, excited by
the mainshock, damaged a wide coastal area of northwest-
ern Japan, and was observed by ocean-bottom pressure me-
ters, GPS wave gauges and many coastal tide gauges. From
the tsunami data, a large slip (approximately 50 m) on the
plate boundary near the Japan Trench was estimated (Fujii
et al., 2011; Maeda et al., 2011). The technique of sea
ﬂoor geodetic observations using a GPS/acoustic combina-
tion enables us to measure sea-ﬂoor movement directly, and
the movement of the sea ﬂoor during the mainshock reached
24 m in the off-Miyagi region (Sato et al., 2011). After the
occurrence of the mainshock, many aftershocks occurred.
From the epicentral distribution of the aftershocks as mea-
sured by a land-based seismic network, the source region of
the earthquake is also considered to spread over a large re-
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gion 500 km wide. Several aftershocks have magnitudes
greater than seven. The largest aftershock of magnitude
(M = 7.7) occurred thirty minutes after the mainshock in
the southernmost area of the source region. Obtaining a
precise aftershock distribution is essential for understand-
ing the generation mechanism of such a large earthquake.
In addition, this kind of information provides useful con-
straints for studies of rupture over such a wide source re-
gion. The precise determination of aftershock distribution
is difﬁcult using only land seismic network data in the case
that the source region is situated under an offshore area far
from a coast line. It is widely known that an ocean-bottom
seismometer (OBS) observation is useful for obtaining a
high-resolution aftershock distribution of large earthquakes
which have occurred under the sea ﬂoor (e.g., Shinohara et
al., 2004; Sakai et al., 2005; Araki et al., 2006; Hino et al.,
2006; Shinohara et al., 2008).
Magnitude 7 class earthquakes have repeatedly occurred
beneath the landward slope of the Kuril and Japan Trenches
considering the time intervals of large earthquakes, the
probability of occurrence of an earthquake with a magni-
tude of 7.5 in the next 30 years is estimated to be 99%
off Miyagi region. Based on this high probability, con-
tinuous OBS observation is being performed in the re-
gion off Miyagi. In addition, repeating large characteris-
tic earthquakes with a magnitude of 7 have occurred at in-
tervals of approximately 20 years in the off-Ibaraki region
(Mochizuki et al., 2008). To investigate the mechanism of
the repeating earthquakes, thirty-four long-term OBSs were
deployed in the off-Ibaraki region following the occurrence
of the 2011 earthquake. In 1997, a cabled ocean-bottom
tsunami and seismic observation system was deployed in
the region off Sanriku for real-time observations. This sys-
tem has three seismometers, and two tsunami-meters and
observed the mainshock. These data from the OBSs ob-
serving the mainshock and aftershocks should play an im-
portant role in the improvement of hypocenter location in
the source region. However, the number of deployed OBSs
is insufﬁcient to obtain the precise hypocenter distribution
in the whole source region of the 2011 Earthquake. To re-
veal the precise aftershock distribution, an OBS network
covering the whole source region is needed.
Four days after the mainshock, we started an aftershock
observation using pop-up-type OBSs in order to obtain the
detailed aftershock activity of the 2011 Tohoku Earthquake
(Shinohara et al., 2011). We repeated the deployment and
recovery of the OBS four times. This paper focuses on
the precise aftershock distribution in the whole source area,
with an emphasis on the depths of events, using the OBS
data from the ﬁrst- and second-period observations, and we
discuss the aftershock activity during the ﬁrst three months
after the mainshock.
2. Observation
The aftershock observations, using a huge number of
OBSs, was initiated just after the 2011 off the Paciﬁc coast
of Tohoku Earthquake. Because the total observation has al-
ready been reported in detail (Shinohara et al., 2011), here
we brieﬂy describe the part of the OBS observations which
produced the data for this paper. Four days after the 2011
off the Paciﬁc coast of Tohoku Earthquake, we started to de-
ploy seventy-two OBSs in the source region by R/V Kairei,
belonging to the Japan Agency for Marine-Earth Science
and Technology (JAMSTEC), and M/V Shinyu-maru, be-
longing to Shin Nippon Kaiji Co., chartered by the Earth-
quake Research Institute, University of Tokyo, in order to
study the aftershock activity of this event. Consequently,
we started observations of the aftershocks at a total of 121
sites, including the pre-installed OBS sites, from the end of
March, 2011 (The ﬁrst-period observation) (Fig. 1). The
observation area was 500 km × 200 km and had a high
aftershock activity, which was estimated from the land seis-
mic network. The spatial interval of the OBSs was ap-
proximately 25 km to cover the whole source region. The
deployed OBSs in the northern and southern source areas
in March, 2011, were recovered by using R/V Ryofu-maru
and R/V Keifu-maru (both belonging to JMA) in April and
early May. Sixty-ﬁve OBSs for the ﬁrst-period observation
were ﬁnally recovered. We deployed OBSs at the same site
where the OBS for the ﬁrst-period observation had been
deployed by using R/V Kairei and R/V Ryofu-maru, and
OBSs were deployed at an additional site to enlarge the ob-
servation area (Fig. 1) (second-period observation). In total,
sixty-ﬁve OBS were deployed for the second-observation
period. Seventy-seven OBSs were recovered by using R/V
Natsushima, R/V Yokosuka (both belonging to JAMSTEC)
and R/V Keifu-maru. For the ﬁrst- and second-period ob-
servations, we deployed, in total, 137 OBSs for the after-
shock observations.
We use various types of digital recording OBS systems.
Most of the OBSs have three-component velocity sensi-
tive electro-magnetic geophones with a natural frequency
of 4.5 Hz, and employ a glass sphere as a pressure ves-
sel. The maximum recording period is approximately three
months. We also use long-term OBSs, which have 1-Hz
3-component geophones and a titanium pressure capsule.
The longest recording period is 1 year for this type of OBS
(Kanazawa et al., 2009). Broadband-type OBSs (BBOBSs),
which have broadband seismometers with a large dynamic
range, were also deployed. An observational band for the
BBOBS is 360 s–100 Hz and the BBOBS have a precise
absolute pressure gauge for the detection of long-period
events and vertical crustal movement. The resolution of the
A/D conversion is 24 bits. Accurate timing, estimated to
be within 0.05 s, is provided by a precise crystal oscillator.
All the OBSs are of a pop-up type with an acoustic release
system. The OBS position at the sea ﬂoor was estimated by
using acoustic ranging and ship GPS positions. The accu-
racy of the OBS positions at the sea ﬂoor is estimated to be
a few tens of meters. We also determined the water depth
of the OBSs by acoustic ranging.
3. Data and Hypocenter Determination
We used waveform data from the OBSs for 1st- and 2nd-
period observations just after the mainshock to mid-June,
2011. Approximately three months data were processed
for a location of aftershocks. Because the OBS network
covered widely the whole source region, heterogeneity of
seismic velocity should largely affect the hypocenter deter-
mination of aftershocks. To minimize any inﬂuence of the
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Fig. 1. Location map of ocean bottom seismometers with bathymetric features. Triangle and hexagons indicate the positions of pop-up-type OBSs
which were deployed before the mainshock. Circles and squares denote the positions of OBSs which were deployed for an urgent observation after
the mainshock. Various type of OBSs were used for aftershock observations. See inset legend. Yellow hexagons indicate the position of the OBSs
which were recovered on March 30th. Large and small stars indicate the epicenters of the mainshock and the largest aftershock, respectively. (a) For
the ﬁrst-period observation from March 14 to the end of April, 2011. (b) For the second-period observation from the end of April to the middle of
June.
heterogeneity of seismic velocity in the study area, we di-
vided the observation area into three regions and the loca-
tions of aftershocks was carried out for each region. The
results from each region were combined to obtain the after-
shock distribution of the whole region. The border zones of
the three regions overlap. For a combination of the results
from the three areas, we selected earthquakes with a small
error of location for each area and individual results were
merged. Although there is a possibility that some gap in
the hypocenter location exists in the border zones, this error
is estimated to be smaller than a few kilometers because of
the high resolution of the locations and the similarity of the
velocity structures for the three regions.
The JMA had determined event positions using data of
the permanent telemetered land seismic network, operated
by the National Research Institute for Earth Science and
Disaster Prevention (NIED), JMA, and universities (the
JMA uniﬁed hypocenter catalog). We selected 1908 events
whose epicenter is located below the OBS network. Data
from all OBSs in each region were combined into mul-
tistation waveform data ﬁles for each event. P- and S-
wave arrival times were determined from a computer dis-
play (Urabe and Tsukada, 1991).
Using a precise velocity structure in the study region is
important for an accurate hypocenter location. There are
many seismic velocity surveys using OBSs in the study re-
gions. Although the study area may have a large lateral
heterogeneity in the seismic structure caused by the plate
Fig. 2. P-wave velocity structure models for the hypocenter locations.
The observation area was divided into three regions and the location
of aftershocks was carried out in each region individually. The models
were derived from the refraction experiment carried out using OBSs in
the each region (Takahashi et al., 2004 for the northern area; Miura
et al., 2003 for the middle area; and Nakahigashi et al., 2012 for the
southern area.)
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subduction, a simple one-dimensional velocity structure for
the hypocenter location was modeled by introducing the re-
sults of a refraction study whose proﬁle was laid in each
study area. The velocity structures for the hypocenter loca-
tion were derived from the results of Takahashi et al. (2004)
for the northern region, Miura et al. (2003) for the middle
region, and Nakahigashi et al. (2012) for the southern re-
gion. The proﬁles were selected to be situated in the re-
gions for hypocenter location. Therefore, we extracted a
one-dimensional velocity structure in the center of the re-
gion from the results of the refraction surveys to minimize
the effect of heterogeneity.
Differences among the velocity structures for the three
regions are not large. The ﬁrst layers have a P-wave ve-
locity of 3.5 km/s for the middle and southern regions. In
the northern region, the P-wave velocity is 4.5 km/s for the
ﬁrst layer. The P-wave velocities for the ﬁrst layer seem
to be larger than the actual P-wave velocities of the sed-
imentary layer. Differences are compensated for by using
P-wave station corrections for each station. The second
layers have P-wave velocities from 4.5 km/s to 6.2 km/s
and a large velocity gradient. Thicknesses of the second
layers are approximately 8 km for the three models. Third
layers have a P-wave velocity of approximately 6.5 km/s
with a small vertical velocity gradient and are 12 km thick.
Fourth layers have P-wave velocity of 8 km/s and the depth
of the top of the fourth layer is approximately 25 km be-
low sea level (Fig. 2). We also assumed that the ratio of
P-wave to S-wave velocities in all layers is 1.73, because
the S-wave structure is not estimated in the seismic surveys.
Since the thickness of sedimentary layers changes at each
OBS site, the estimated travel times by the location pro-
gram must be corrected. First, we measured the time dif-
ferences between the P-wave arrival and the PS converted
wave arrival, or SP converted wave arrival and S-wave ar-
rival. Using these time differences, we calculated the initial
station correction on the assumption of the P-wave velocity
in the sedimentary layer. Hypocenters were determined by
a maximum-likelihood estimation technique of Hirata and
Matsu’ura (1987). Due to the uncertainty in the thickness
and velocity of the sedimentary layer, we used the follow-
ing method. First, we located the hypocenter using P- and
S-wave arrival times with initial correction values for the
sedimentary layer. Averaged differences between observed
travel times and estimated travel times (O-C times) were
calculated for each OBS. Next, we located the hypocen-
ter using the averaged O-C times as correction values. A
new set of averaged O-C times for each OBS were calcu-
lated from the results of the second locations. Finally, the
new averaged O-C times were added to the previous correc-
tion values, and the hypocenters were again relocated. We
repeated the relocation process using the last procedure un-
til the root-mean-square of O-C times become sufﬁciently
small. It is commonly known that a ratio of P-wave veloc-
ity and S-wave velocity (Vp/Vs ratio) in sedimentary layer
is greater than 1.73. Therefore, we estimate a set of station
correction values for the S-wave with several differences by
assuming the Vp/Vs ratio in the sedimentary layer. At last,
we chose a set of station corrections which gave the small-
est O-C times. Magnitudes of the aftershocks were adopted
from the JMA uniﬁed hypocenter catalog which the JMA
determined by using a land-based seismic network. Finally,
we estimated focal mechanisms of aftershocks using the po-
larities of the ﬁrst P-wave arrivals recorded by the OBSs
using the computer program described in Reasenberg and
Oppenheimer (1985). For the estimation of focal mecha-
nisms, we used at least 6 P-wave polarity data. In consid-
eration of the small number of polarity data from the OBSs,
earthquakes which did not have a unique focal solution were
not considered.
4. Results and Discussion
In total, 1908 events which were selected from the JMA
catalog were able to be located. We selected the events
with more than three P-wave arrival readings and more
than one S-wave reading from the OBS networks. The
OBS networks located 906 earthquakes with an error of
less than 5 km in the horizontal direction and less than
3 km in depth. The estimation errors of each aftershock
location were calculated from the total covarience matrix of
the location program (Hirata and Matsu’uura, 1987). The
magnitudes of these 906 aftershocks range from 1.9 to 5.7.
The epicenters of these aftershocks are limited to be within,
or near, the OBS networks used in this study. In other
words, the resolution of hypocenters is signiﬁcantly high
within the OBS network. In addition, we add the events
which were also located by the OBS network by Shinohara
et al. (2011). In total, 1005 events with a spatially high
resolution were obtained (Fig. 3). The obtained aftershock
distribution is not uniform in time and space; however,
the positions of the located aftershocks by the OBS data
have a high resolution. Because we selected the events
from the JMA uniﬁed hypocenter catalog, we can compare
hypocenters which are located by the OBS data with those
determined from the data of the land seismic network by the
JMA (Fig. 4). Differences in the epicenters are relatively
small; however, the depths of events have large differences.
Hypocenters determined by the JMA in the study area are
scattered over a large depth range of approximately 80 km,
especially near the trench region. Hypocenters determined
by the OBS network are more concentrated in depths of
less than 60 km. This indicates that OBS observations are
useful for the determination of the depth of each event with
a higher accuracy. In general, aftershocks were re-located
shallower in comparison with those determined using land
station data only. This tendency is clearly recognized in the
middle and southern regions.
The epicenter distribution is not uniform. In the epicen-
ter distribution, the aftershocks may be divided into a num-
ber of clusters from a geometrical viewpoint. Most of the
aftershocks have a depth shallower than 60 km. The after-
shocks form a plane dipping landward over the whole area,
which is consistent with the result that the mainshock is an
interplate earthquake. Aftershocks beneath the slope on the
island arc side are frequent, and there is relatively low seis-
mic activity beneath the area within the trench region where
the water depth is greater than about 3000 m. The landward
slope close to the Japan Trench off Miyagi is estimated to
be a source region of the large tsunami during the main-
shock (Fujii et al., 2011; Maeda et al., 2011) Aftershocks
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Fig. 3. Final hypocenter distribution (March 15th–June 18th, 2011) derived by using the maximum-likelihood estimation technique with bathymetry.
The circles ﬁlled with color indicate the hypocenters of aftershocks located with a spatially high resolution. The depth of events are color-coded, and
diameters of the circles are proportional to magnitudes. Red contours indicate depths of surface of the subducting Paciﬁc plate by a model estimated
from hypocenter distribution and seismic structures using OBSs. No exaggeration for the vertical direction is applied. In the epicenter distribution,
the aftershocks may be divided into a number of clusters from a geometrical viewpoint. In the vertical section, the concentration of the aftershocks in
depths shallower than 60 km is clearly recognized. From the W-E vertical cross-section, the aftershocks become deeper to the westward.
were located near this tsunami source region in contrast to
low seismicity in other trench regions. In the off-Miyagi
region, aftershocks with depths around 30 km also occur in
the center of the Japan Trench.
Seismicity in the plate boundary region off Tohoku be-
fore the mainshock was obtained by several researches us-
ing land-based data (e.g. Hasegawa et al., 1994; Umino et
al., 1995; Gamage et al., 2009), and the position of the
plate boundary below the landward slope was estimated
and a double-planed seismic zone was found. As a result
of marine seismic observations using OBSs (e.g. Hino et
al., 1996, 2006; Koga et al., 2012; Suzuki et al., 2012),
precise seismic activities were estimated. From 2004 to
2008, dense seaﬂoor earthquake observations, using long-
term OBSs, were made in the landward slopes of the Kuril
and Japan Trenches to obtain a precise hypocenter distribu-
tion (Shinohara et al., 2009; Yamada et al., 2011). In addi-
tion, aftershock observations of the 2003 Tokachi-oki earth-
quake, which was a large interplate earthquake, were car-
ried out (Shinohara et al., 2004; Yamada et al., 2005). From
these sea-ﬂoor observations, a precise hypocenter distribu-
tion before the 2011 earthquake was obtained. From the
results of seismic marine surveys and this high-resolution
hypocenter distribution, a detailed geometry of the subduct-
ing Paciﬁc plate was estimated (Shinohara et al., 2009).
The dip angle of the subducting Paciﬁc plate is small in the
northern Japan Trench region, and the dip angle increases
rapidly at depths of about 25 km. A slip distribution of
the mainshock has been estimated by many studies. These
researches were based on geodetic data (e.g. Miyazaki et
al., 2011; Pollitz et al., 2011; Evance and Meade, 2012)
or tsunami data (e.g. Saito et al., 2011; Yamazaki et al.,
2011). A slip distribution was also estimated by a joint in-
version technique of GPS, teleseismic, and tsunami, data
(e.g. Simons et al., 2011; Yokota et al., 2011). Yoshida et
al. (2011) derived a slip distribution during the 2011 main-
shock from teleseismic P-waves and regional strong motion
data, and the results of Yoshida et al. (2011) are considered
to be suitable for comparison with the aftershock distribu-
tion, because the slip distribution using strong motion data
should correspond with the radiation of seismic waves. We
can compare the aftershock distribution, from the OBS data,
with these results of the previous study (Fig. 5).
In the northern region, which is the off-Sanriku and off-
Miyagi regions, the activity of the aftershocks is high be-
neath the landward slope. There is low seismicity in the
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Fig. 4. Comparison of hypocenters determined by the OBS networks (red circles) and those determined by the JMA (blue circles). The inverted green
triangles indicate the positions of the pop-up-type OBSs used for the locations. Grey circles indicate the hypocenters of aftershocks determined by the
JMA from March 15th to June 18th. Note that the aftershock distribution obtained by this study is not uniform in time and space; however, positions
of the re-located aftershocks have a spatially high resolution.
region where a large slip during the mainshock is estimated
(Yoshida et al., 2011), which is consistent with the result
of Asano et al. (2011). Especially there was little seis-
micity at the plate boundary. The region where, after the
mainshock, seismicity at the plate boundary became low
had shown an ordinary seismic activity before the main-
shock (Fig. 5). In the middle region, which is the off-
Fukushima region, aftershocks mainly occurred along the
plate boundary; however, there was also aftershock activ-
ity in the landward plate. The region with low seismicity
is off Fukushima. Although this region had low seismicity
before the mainshock, Yokota et al. (2011) reported, from
using strong motion data, that large seismic energy was re-
leased from this area during the mainshock. In the southern
region, which is the off-Ibaraki and off-Boso regions, there
was a high seismic activity in the plate boundary region. In
addition, aftershock activity was also high in the landward
plate. A deep earthquake, whose depth was approximately
50 km, occurred below the landward slope having a water
depth of about 3000 m off Ibaraki. On the other hand, af-
tershock activity is low in the region near the Japan Trench.
There also seems to have been a low seismicity in the source
region of the M 7.7 aftershock, which occurred 30 minutes
after the mainshock. In the southern region, the Philippine
Sea plate is considered to be subducting below the land-
ward plate (e.g. Nakahigashi et al., 2012). Before the main-
shock, several seismic gaps near the edge of the Philippine
Sea plate were found (Yamada et al., 2011). In the after-
shock distribution of the 2011 mainshock, we also see low
seismic activities in the region where seismic gaps existed
before the mainshock. It is inferred that the seismicity in
this region is related to heterogeneity.
Because many seismic velocity surveys using OBSs have
been carried out in the source region of the mainshock, the
obtained hypocenter distribution can be compared with the
results of previous seismic surveys. Although our location
of the aftershocks was based on a one-dimensional veloc-
ity structure, systematic errors in hypocentral positions are
estimated to be comparable to a few kilometers because
the velocity structures for the location were derived from
the results of these seismic surveys. In a cross-section of
the hypocentral distribution projected on a vertical plane
along the seismic surveys (Miura et al., 2003; Takahashi
et al., 2004; Nakahigashi et al., 2012; Shinohara et al., in
preparation), we can clearly see the relation between the
aftershock distribution and the seismic velocity structure
(Fig. 6). Aftershocks occurred in the plate boundary re-
gion in all the proﬁles. However, there is no aftershock
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Fig. 5. Comparison of the ﬁnal hypocenter distribution determined by the OBS networks to the hypocenter distribution before the mainshock and slip
distribution during the mainshock using strong motion data (Yoshida et al., 2011). Long-term OBS data from 2004 to 2008 were used to obtain
the hypocenter distribution before the mainshock. The inverted red triangles indicate the positions of the pop-up-type OBSs for the aftershock
observation. The circles ﬁlled with color represent the hypocenters of aftershocks. Grey circles indicate the hypocenters of earthquakes before the
mainshock. The thick line indicates the proﬁle of the seismic survey. Red contours indicate depths of surface of the subducting Paciﬁc plate by
marine observations. (a) For the northern region. (b) For the southern region. (c) Comparison of the hypocenter distribution between the aftershocks
and earthquakes before the mainshock by the OBS data for the northern region. Depth proﬁles along the east-west direction are shown. Red line
indicates the position of the plate boundary.
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Fig. 5. (continued).
along the plate boundary at depths less than 25 km in the
region off Miyagi (Fig. 6(b)). The plate boundary region
with little seismicity off Miyagi corresponds to the region
where a slip on the plate boundary during the mainshock is
greater than 12 m. Before the 2011 mainshock, small earth-
quakes mainly occurred along the plate boundary, even in
this region (Shinohara et al., 2009). We infer that the stress
ﬁeld near the plate boundary in this region may change due
to the mainshock. On the other hand, high seismic activi-
ties are estimated in the plate boundary region, where the
depth is greater than 30 km, for all the proﬁles. Activity
of aftershocks within the landward plate is high for all the
proﬁles, especially in the region off Sanriku, Ibaraki and
Boso. In the land of the northeastern Japan arc, it is re-
ported that shallow seismic activity in the crust increased
signiﬁcantly after the mainshock, and a static stress change
which possibly triggered those post-mainshock earthquake
sequences was suggested (e.g. Kato et al., 2011; Okada et
al., 2011). This type of stress change may occur just above
the source region of the mainshock. There are also after-
shock activities within the Paciﬁc plate in all regions, how-
ever the seismicity is not high. The seismic activity in a
deep region of the subducting Paciﬁc plate near the Japan
Trench was also reported before the 2011 mainshock occur-
rence (Shinohara et al., 2005; Gamage et al., 2009; Mizuno
et al., 2009; Koga et al., 2012). In the southernmost region,
the aftershocks mainly occurred around the plate bound-
ary between the landward plate and the subducting Paciﬁc
plate (Figs. 6(c) and (d)). In addition, hypocenters of the
aftershocks are spread in the subducting oceanic crust and
the crust in the landward plate. The aftershocks seem to
be concentrated within the subducting oceanic crust and
the 6.2-km/s layer in the overriding plate. The rupture of
the mainshock is estimated to propagate from the hypocen-
ter which is positioned off Miyagi to the southward (e.g.
Honda et al., 2011; Suzuki et al., 2011; Yagi and Fuka-
hata, 2011; Yoshida et al., 2011). The velocity structure
model, obtained by the seismic survey, clearly shows that
the Philippine Sea plate is subducting below the landward
plate (Fig. 6(d)). There were few aftershocks in the con-
tact region between the Philippine Sea plate and the Paciﬁc
plate. Therefore, it is interpreted that the propagation of the
rupture during the mainshock sequence was terminated at
the contact (Shinohara et al., 2011).
Focal mechanisms of the aftershocks are determined us-
ing data of polarities of ﬁrst arrivals recorded by the OBSs
using the program of Reasenberg and Oppenheimer (1985),
and 121 focal mechanism solutions were obtained (Fig. 7).
In addition, we selected 31 events which correspond to our
results from the catalog of focal solutions determined by the
automated moment tensor determination, using Japanese
land seismic network data (F-net) (Fukuyama et al., 1998).
Because the geometry of the subducting Paciﬁc plate had
been estimated from results of seismic marine surveys and
long-term OBS observations, the aftershocks can be clas-
siﬁed by their depths using the plate boundary geometry
model. We classiﬁed aftershocks into three categories:
events which occurred in the plate boundary region where
the distance to the plate boundary is less than 5 km; the
landward plate region where depths are 5 km shallower
than the plate boundary; and the oceanic plate region where
depths are 5 km deeper than the plate boundary. For clas-
siﬁcation of the F-net focal mechanisms, the OBS results
were used for the positions of events. In the plate boundary
region, many events occur having a reverse fault (thrust)
type mechanism. However, normal fault, and strike-slip,
types are also observed. To take into account ambiguity in
the position of the plate boundary, the plate boundary re-
gion is deﬁned to have a thickness of 10 km. Therefore
earthquakes which did not occur just at the plate boundary
should also be included. In other words, there is a pos-
sibility that normal fault, and strike-slip, type earthquakes
occurred close by the plate boundary. In the landward plate
and the oceanic plate regions, aftershocks of normal fault
type or strike-slip type are dominant. Before the occurrence
of the mainshock, most of the events in the plate bound-
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Fig. 6. Vertical sections of P-wave velocity structures and the aftershock distribution along the refraction proﬁle (a) for the off-Sanriku region, (b) for
the off-Miyagi region, (c) for the off-Fukushima region, and (d) for the off-Ibaragi region. Proﬁles (a), (b), (c) are perpendicular to the Japan Trench,
and proﬁle (d) is parallel to the trench. Positions of each proﬁles are indicated in Fig. 5. The aftershocks within a 50-km wide box on both sides
along the proﬁle are projected onto the seismic survey proﬁles for proﬁle a), b), and c). For proﬁle d), a box wide is 10 km. Red circles indicate the
hypocenters of the aftershocks, and diameters of circles correspond to magnitudes. Inverted triangles indicate the projected position of the OBSs for
aftershock observations. Orange and yellow bars above the structure indicate the region where slip is greater than 12 m and 4 m, respectively. Grey
circles indicate hypocenters from the previous OBS observations before the mainshock.
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Fig. 7. Focal mechanisms of the aftershocks are determined using data of polarities of ﬁrst arrivals recorded by the OBSs. The aftershocks are classiﬁed
by their depths. The event classiﬁed into the plate boundary region has distances between its hypocenter and the plate boundary is less than 5 km. In
addition, focal mechanisms determined using F-net data are also plotted. For classiﬁcation of F-net focal mechanisms, the OBS results were used for
positions of the events. The F-net results are indicated by light color.
ary and the landward plate regions were reported to have a
reverse fault (thrust) type mechanism (e.g. Hasegawa et al.,
2011). After the mainshock, seismic activity became higher
and normal fault type, or strike-slip type, events were dom-
inant in the landward plate region. Occurrence of normal
fault type, or strike-slip type, events in the landward plate
have also been reported by Asano et al. (2011) using land-
based data. A change of focal mechanisms in the landward
plate is thought to correspond with a stress change caused
by a large slip at the plate boundary (Hasegawa et al., 2011;
Kato et al., 2011; Imanishi et al., 2012; Yoshida et al.,
2012). Within the oceanic plate, most earthquakes had a
normal fault type, or strike-slip type, mechanism. Earth-
quakes at depths around 40 km in the subducting oceanic
plate near the Japan Trench are considered to correspond
to the lower plane of the double seismic zone (Shinohara
et al., 2005; Gamage et al., 2009; Mizuno et al., 2009;
Koga et al., 2012). Koga et al. (2012) reported that earth-
quakes which occurred in the shallower part have a focal
mechanism of normal fault, and earthquakes with a reverse
fault type mechanism occurred in the deeper part below
the landward slope of the Japan trench. This seismic ac-
tivity is considered to explain the response of bending of
the lithosphere. However, aftershocks of the 2011 Tohoku
earthquake within the subducting oceanic plate had mostly
normal fault type, or strike-slip type, mechanisms. Obana
et al. (2012) found that earthquakes beneath the seaward
slope of the Japan Trench after the mainshock occurred un-
der a tensional stress ﬁeld in all depths and concluded that
the stress regime in the deep part of the subducting oceanic
plate in the seaward slope had changed from compression
to tension after the mainshock. Our results indicate that the
tension stress ﬁeld extends to the oceanic plate below the
landward slope of the Japan Trench. The stress ﬁeld of the
subducting paciﬁc plate in and around the source region of
the 2011 mainshock is estimated to change as a result of the
mainshock.
5. Conclusions
We carried out aftershock observations using pop-up-
type OBSs in order to obtain a detailed aftershock distri-
bution of the 2011 Tohoku earthquake. Deployment and
recovery of the OBS were repeated four times, and we have
used data from more than 70 OBSs recorded just after the
mainshock to the middle of June, 2011. We selected 1908
events whose epicenters were located below the OBS net-
work from the JMA earthquake catalog, and P- and S-wave
arrival times were picked from the OBS data. Hypocenters
were estimated by a maximum-likelihood estimation tech-
nique and one-dimensional velocity structures were mod-
eled using the results of previous refraction studies in the
study region. Thickness changes of sedimentary layers at
each OBS site were evaluated and estimated travel times by
the location program were corrected. A precise aftershock
distribution, for approximately three months over the whole
source area, with an emphasis on the depths of events, us-
ing the OBS data, was obtained. The OBS networks located
1005 earthquakes with a high spatial resolution. The epi-
center distribution is not uniform. In the epicenter distribu-
tion, the aftershocks may be divided into a number of clus-
ters from a geometrical viewpoint. The aftershocks form
a plane dipping landward over the whole area. Comparing
our results with velocity structures frommarine seismic sur-
veys, there is no aftershock along the plate boundary in the
region off Miyagi, where a large slip during the mainshock
is estimated. A plate coupling in this region may change
due to the occurrence of the mainshock. The activity of af-
tershocks within the landward plate above the source region
is high, and many aftershocks within the landward plate had
a normal fault type, or strike-slip type, mechanism. On the
other hand, many events with a reverse fault (thrust) type
mechanism occurred along the plate boundary. Within the
subducting oceanic plate, most of earthquakes had a nor-
mal fault type, or strike-slip type, mechanism. The stress
ﬁeld in and around the source region of the 2011 mainshock
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changes as a result of the mainshock.
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